Resonant x-ray diffraction experiments were performed for the metallic iridium oxide IrO 2 . We observed anisotropic tensor of susceptibility (ATS) scattering, the spectrum of which shows a sharp contrast between the L 3 and L 2 edges. At the L 3 edge, resonance excitations were clearly observed from the core 2p orbitals to both the 5d t 2g and e g orbitals. In contrast, the resonance mode associated with 5d t 2g orbitals was indiscernible at the L 2 edge. This contrasting behavior indicates that Ir 5d t 2g orbitals are fairly close to the J eff = 1/2 state due to the strong spinorbit coupling in 5d transition metal ions, as in the Mott insulator Sr 2 IrO 4 . Our results clearly demonstrate that ATS scattering is a useful probe for investigating complex orbital states in a metallic state. Such states induce novel phenomena such as the spin Hall effect.
electronic properties have been extensively studied in on 3d transition metal oxides. However, recent studies have revealed that nontrivial electronic properties emerge also in 4d and 5d transition metal oxides, where in addition to the crystal field and Coulomb repulsion, the strong spin-orbit coupling plays a crucial role. A good example is iridium oxides. The t 2g orbitals are reconstructed by spin-orbit coupling into doubly degenerate J eff = 1/2 and quadruply degenerate J eff = 3/2 states, where the spin and orbital degrees of freedom are entangled in a complex manner. 1 In an Ir 4+ ion with five 5d electrons, the J eff = 3/2 state is completely filled, whereas the J eff = 1/2 state contains one electron. These J eff = 1/2 carriers are localized in Sr 2 IrO 4 with a layered-perovskite structure and CaIrO 3 with a postperovskite structure. 2, 3 In these systems, the two-dimensional lattice topology makes the bandwidth narrower and consequently enhances the electron correlation effect. [4] [5] [6] [7] This state has attracted great interest as a spin-orbit coupling induced Mott insulator.
On the other hand, iridium oxides with a three-dimensional lattice are typically good conductors. 8 A representative example is rutile-type IrO 2 with a crystal symmetry of P 4 2 /mnm. This compound has recently been reported to exhibit a large spin Hall effect, which is a novel topological transport phenomena caused by spin-orbit coupling. 9 To determine the microscopic mechanism, it is essential to study the orbital state. In particular,
it is important to establish whether the J eff = 1/2 state is retained or melts in this metallic compound. Such investigations are expected to enhance our understanding of the intrinsic spin Hall effect observed in other compounds such as a platinum element.
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Resonant x-ray scattering is a powerful technique for detecting orbital states in transition metal oxides. 11 It is especially suitable for 5d transition metal oxides because the wavelength corresponding to the dipole-allowed excitation from the core 2p orbital to the valence 5d
orbital is comparable to lattice parameters. 12, 13 In a resonant condition, additional reflections appear at the crystallographically forbidden Bragg positions through two-types of anomalous x-ray scattering; one is the magnetic scattering which originates from the (anti)ferromagnetic spin ordering, and the other is the anisotropic tensor of susceptibility (ATS) scattering which is associated with the antiferroic orbital structure. Among these two-types of reflections, magnetic reflections have been used to unravel the orbital states of antiferromagnets such as bond angle in Fig. 1(a) is 75.6
• ), giving rise to local electronic anisotropy [ Fig. 1(a) ].
14 The principal axis of this local anisotropy differs between the two Ir sites in the unit cell at (0, 0, 0) and (1/2, 1/2, 1/2) whose ligand octahedra are aligned to 90
• rotated direction
[ Fig. 1(b) ]. Consequently, ATS scattering is expected to occur at 0 0 l (l = 2n + 1).
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In this Communication, we report the nature of Ir 5d orbitals in a metallic iridium oxide 
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ATS scattering exhibits characteristic polarization and azimuthal angle (Ψ) dependences.
Here, we describe these dependences according to Dmitrienko's phenomenological arguments. The matrix elements of the tensor structure amplitude matrixF for the ATS reflections at 0 0 l (l = 2n + 1) in the rutile-type structure are other components are zero. 16 Hence, the scattering intensity I = |ǫ † outF ǫ in | 2 (where ǫ in and ǫ out are the polarizations of the incident and scattered x-ray beams, respectively) for each polarization condition is calculated to be
and I ππ ′ = F 2 sin 4 2θ sin 2 2ψ, where θ denotes the incident angle. π(π ′ ) and σ(σ ′ ) indicate the polarization of the incident (reflected) beam, as defined in Fig. 2 . Figure 3 shows the excitation spectra of fluorescence and the energy dependence of the diffraction intensity in the π-σ ′ geometry at 0 0 3, where Thomson scattering is forbidden.
Reflection spectra contain several superfluous peaks originating from multiple scattering.
Since multiple scattering is quite sensitive to ψ, its contribution could be eliminated by employing the following procedure. We measured spectra at ψ = −1, 0, 1, and 2
• , chose the smallest intensity data of the four spectra for each measured energy and then reproduced the spectrum. We also measured the diffraction intensity at energies of E = 11.212 and 11.224 keV by continuously changing the polarization of the incident beam from π to σ (data not shown) and confirmed that the polarization dependence obeys what is expected for ATS scattering.
Around the L 3 edge, which corresponds to excitation from the Ir 2p J = 3/2 state to 5d orbitals, the corrected reflection spectrum has five-peak structure: A-E at 11.214, 11.224, 11.238, 11.245, and 11.268 keV, respectively [ Fig. 3(a) ]. Since the energy of peak A coincides with that of the absorption edge, it is assigned to be the resonant scattering associated with virtual excitation from the Ir 2p J = 3/2 state to the Fermi level (i.e., Ir 5d t 2g orbitals).
In a similar way, peak B is assigned to resonance scattering corresponding to excitation to Ir 5d e g orbitals [ Fig. 3(b) ]. The absorption bands C, D, and E are likely related to the excitations to the Ir 6s and 6d bands.
We move to the L 2 edge, which corresponds to excitation from the Ir 2p J = 1/2 state to 5d orbitals [ Fig. 3(b) ]. The edge energy is estimated to be E = 12.823 keV from the excitation spectra of fluorescence. ATS scattering exhibits three peak structures: B', D', and E' at 12.833, 12.858, and 12.876 keV, respectively. Importantly, the lowest-energy peak B' is located at the inflection point of the absorption peak in the fluorescence spectrum on (a) the higher (not lower) energy side, which is reminiscent of peak B at the L 3 edge. This indicates that peak B' is associated with the Ir 5d e g orbitals as an intermediate state and that a t 2g related peak is indiscernible at the L 2 edge within the experimental accuracy (less than 0.1% of the intensity at the L 3 edge) [ Fig. 3(b) ]. The undetectable signal at the resonance condition with the t 2g orbitals is a striking difference from the spectrum at the L 3 edge; this is conjectured to be direct evidence of the J eff = 1/2 state in CaIrO 3 . Peaks D' and E' are likely related to Ir 6s and 6d bands, as in the L 3 edge.
To quantitatively evaluate the orbital state of conduction carriers in IrO 2 , we performed a model calculation of the scattering amplitude. As shown in Fig. 1(a) , IrO 6 octahedra are orthorhombically distorted. Hence, there are two crystal fields, ∆ 1 and ∆ 2 : the former expresses the compression along the z-axis and stabilizes xy orbitals; and the latter expresses the elongation along the x ′ axis and the compression along the y ′ axis, and stabilizes the yz − zx orbital. The Hamiltonian for an Ir 4+ ion is represented by
where
Here, the basis wavefunction is (|xy, + , |yz, − , |zx, − , |xy, − , |yz, + , |zx, + ) and ζ is the spin-orbit coupling constant. Each eigenstate of H + has its counterpart in an eigenstate of H − , forming the Kramers doublet. Of them, two doublets with a lower energy (ψ orbitals [ Fig. 4(a) ]. The ψ ± 3 orbitals become the J eff = 1/2 state, ψ
The atomic scattering tensor f αβ (α, β = x, y, z) of an Ir 4+ ion is calculated using
where ω k is the x-ray beam energy, R i is the dipole operator, and E 0 (E n ) and |0 (|n )
are respectively the energy and wavefunction of the ground state (excited state). Γ n denotes the damping factor originating from the finite lifetime of the excited states. When resonant scattering associated with the t 2g orbital at the L 3 edge occurs, one electron is virtually excited from the 2p j = 3/2 states to one of the empty ψ ± 3 orbitals [ Fig. 4(a) ]. Therefore, f αβ can be simplified to
Each dipole matrix element can be calculated by the Wigner-Eckart theorem. The matrix elements ofF L 3 for the 0 0 l (l = 2n + 1) reflection can then be calculated to be F
and the other components are zero. The isotropic component ofF L 3 is eliminated due to interference between the Ir 4+ ions at (0, 0, 0) and (1/2, 1/2, 1/2). These results are consistent with those of the Dmitrienko's phenomenological analysis.
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The intensity at the L 2 edge can be calculated in parallel with the L 3 edge. We then obtain the intensity ratio between the L 2 and L 3 edges:
2 , which are plotted as a function of ∆ 1 /ζ and ∆ 2 /ζ in Fig. 4(b) . This figure shows that I πσ ′ (L 2 )/I πσ ′ (L 3 ) becomes zero on a line extending from the J eff = 1/2 state (∆ 1 /ζ = ∆ 2 /ζ = 0) to the region with large crystal-field splitting. Hence, we cannot uniquely determine the orbital character from our experimental for example, heating and doping carriers. This is because the orbital ordering through the Jahn-Teller and (spin-)Peierls mechanism is driven by the energy gain of the gap opening, which inevitably makes the electronic system insulating. In contrast, the complex orbital ordering in iridium oxides is quite robust even in an itinerant system because the driving force is the spin-orbit coupling, which is inherent in Ir atoms and does not directly affect the conducting properties.
In a future study, we intend to investigate whether a metal with a complex orbital state exhibits intriguing transport phenomena. It has been theoretically argued that conducting electrons with the complex orbital state gain a non-zero Berry phase through hopping, which yields spin Hall conductance. [24] [25] [26] [27] This mechanism most likely explains the gigantic spin Hall effect reported in IrO 2 , 9 , although detailed theoretical studies are required for a deeper understanding.
Finally, we briefly comment on the crystal field splitting between the t 2g and e g orbitals, 10Dq. 10Dq is estimated to be 10 eV from the peak structure of the ATS scattering at 
